Single-gap s-wave superconductivity in Cu x TiSe 2 
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The in-plane thermal conductivity n of the layered superconductor Cu a; TiSe2 was measured down 
to temperatures as low as T c /40, at x = 0.06 near where the CDW order vanishes. The absence 
of a residual linear term at T — » is strong evidence for conventional s-wave superconductivity in 
this system. This is further supported by the slow magnetic field dependence, also consistent with 
a single gap, of uniform magnitude across the Fermi surface. Comparison with the closely related 
material NbSe2, where the superconducting gap is three times larger on the Nb Ad band than on 
the Se 4p band, suggests that in Cuo.o6TiSe2 the Se 4p band is below the Fermi level and the Ti 3d 
band is alone responsible for the superconductivity. 

PACS numbers: 74.25.Fy, 74.25. Op, 74.25. Jb 



Superconductivity has recently been found in the lay- 
ered compound TiSe2, when its charge density wave 
(CDW) transition is continuously suppressed by Cu dop- 
ing [![. The phase diagram of Cuj;TiSe2 is illustrated 
in Fig. 1, where superconductivity (SC) emerges near 
x = 0.04 and reaches a maximum T c of 4.15 K at x — 
0.08, beyond which T c decreases p|. Such a phase dia- 
gram is reminiscent of high-T c cuprates and some heavy 
fermion (HF) superconductors, in which SC appears close 
to where magnetic order disappears with doping or pres- 
sure. For comparison, the phase diagram of HF super- 
conductor Celn 3 Q is reproduced in Fig. 1. 

The fact that superconductivity emerges precisely at 
the quantum critical point (QCP) where antiferromag- 
netic order vanishes in Celn 3 and CePd2Si2 has been 
viewed as a compelling argument that this superconduc- 
tivity is mediated by magnetic fluctuations 0] ■ Similarly, 
valence fluctuations were suggested to mediate the super- 
conductivity in CeCu2(Sii_ a; Ge a ;)2, a HF system with 
a valence transition induced by pressure Theoreti- 
cally, Monthoux and Lonzarich have recently shown that 
density-fluctuations can mediate superconductivity and 
find that a d-wave order parameter is favored How- 
ever, in none of the QCP-related superconductivity of HF 
materials is the symmetry of the order parameter known. 
In this context, the occurrence of superconductivity in 
Cu x TiSe 2 near its CDW QCP is of great interest, par- 
ticularly as we are able to investigate the symmetry of 
the order parameter by checking if there are nodes in the 
superconducting gap. 

Layered dichalcogenides MX 2 (M is transition metal, 
X = S, Se, or Te) come in two structures: IT or 2H. 
Both IT and 2H structures consist of two-dimensional 
X-M-X layers in which the X atom sheets exhibit a 
hexagonal close-packed structure and the M atoms are 
in octahedral (IT) or trigonal prismatic (2H) holes de- 
fined by the two X sheets. While CDW order has been 
well studied in both IT and 2H structured MX2 com- 
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FIG. 1: Left: The T — x electronic phase diagram of Cu :E TiSe2 
lj. The filled circle represents the Cuo.o6TiSe2 single crystal 
with T c = 2.3 K for this study. Right: Temperature-pressure 
phase diagram of Celn3 Q|. 



pounds [B|, @, 0, S, @| , superconductivity was only seen in 
2H structures, such as 2if-TaSe 2 , 2if-TaS 2 , 2if-NbSe 2 , 
and 2if-NbS2 Angle-resolved photoemission spec- 

troscopy (ARPES) [11] and thermal conductivity fl2| 
studies have revealed that 2iJ-NbSe 2 (T c = 7.2 K) is 
a multi-band s-wave superconductor whereby the gap is 
large on one part of the Fermi surface and much smaller 
(3 times) on another part. By intercalating lT-TiSe 2 
with Cu, Cu x TiSe2 is the first superconducting IT struc- 
tured MX2 compound d!]. It is interesting to compare 
the superconducting ground states of 2ff-NbSe2 and 1T- 
Cua;TiSe2. 

In this Letter, we probe the superconducting ground 
state of Cuo.o6TiSe2 by measuring the thermal conductiv- 
ity k of a single crystal down to 50 mK. This doping con- 
centration is right at the critical point where the CDW 
order vanishes. In zero field, the residual linear term 
kq/T is zero, a clear indication that Cuo.o6TiSe2 is an s- 
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FIG. 2: In-plane resistivity for our Cuo.o6TiSe2 single crystal 
in zero field and H — 2 T applied along the c-axis. Inset: 
Field dependence of p at T — 80 mK, from which H C 2(80 
mK) « 0.52 T is obtained (arrow). 



wave superconductor with a gap that is finite everywhere 
on the Fermi surface (no nodes). The field-dependence 
of kq/T shows conventional s-wave behavior, with no ev- 
idence for a variation of the gap magnitude across the 
Fermi surface, in contrast to the case of NbSe2 where 
strong multi-band character is observed. The difference is 
explained by examining the evolution in the band struc- 
ture of Cua;TiSe2 upon Cu doping. 

Single crystals of Cun 06 TiSe2 were grown by the vapor- 
transport technique [13j |. The copper concentration was 
determined by inductively coupled plasma spectrometer 
(ICP) chemical analysis, and confirmed by c lattice pa- 
rameter calibration (lj . The sample was cut to a rectan- 
gular shape of dimensions 1.5 x 1.0 mm 2 in the plane, 
with 30 /jm thickness along the c-axis. Contacts were 
made directly on the fresh sample surfaces with silver 
paint, which were used for both thermal conductivity and 
resistivity measurements. The typical contact resistance 
was 20 mfi at low temperature. In-plane thermal con- 
ductivity was measured in a dilution refrigerator down 
to 50 mK using a standard one heater-two thermome- 
ter steady-state technique. Magnetic fields were applied 
along the c-axis and perpendicular to the heat current. 

Fig. 2 shows the in-plane resistivity of our Cuo.o6TiSe2 
single crystal in H = and 2 T. In zero field, the middle 
point of the resistive transition is at T c — 2.3 K, in good 
agreement with previous studies The 10-90% width 
of the resistive transition is 0.15 K, indicating the high 
homogeneity of our crystal. The normal-state resistivity 
in H = 2 T is essentially temperature independent below 
0.5 K, which gives the residual resistivity po — 70.4 piQ, 
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FIG. 3: (a) Low-temperature thermal conductivity of 
Cuo.o6TiSe2 in magnetic fields applied along the c-axis (H 
= 0, 0.1, 0.25, 0.4, 0.5, 2 T from bottom to top). The dashed 
line is the normal state Wiedemann-Franz law expectation at 
T — > 0, namely Lo/po, with Lo the Lorenz number 2.45 x 10~ 8 
W S7 K -2 . (b) Difference in thermal conductivity between H 
— 2 T (normal state) and zero field, (c) Field dependence of 
Ko/T. The raw data of k/T at 60 mK is also shown. 



This value is comparable to that of a Cuo.o7TiSe2 
The inset of Fig. 2 shows the field 
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dependence of p at 80 mK, from which the upper critical 
field ff c2 (80 mK) w 0.52 T is obtained. The magnetore- 
sistance is negligible above H = 1 T. 

The in-plane thermal conductivity of Cuo.o6TiSe2 is 
plotted in Fig. 3a, as k/T vs T. By applying a magnetic 
field (H > H c i ~ 5 mT [14j ) , a roughly rigid shift devel- 
ops from the H = curve and eventually saturates above 
H = 0.55 T. The measured conductivity is the sum of two 
contributions, respectively from electrons and phonons, 
so that In order to extract K e at T — > 

we extrapolate k/T to T = 0, i.e. obtain the residual 
linear term kq/T. This can be done by fitting the data 
to k/T = a + bT"^ 1 , below 150 mK. In the normal state 
of H = 2 T, this gives k /T = 0.355 ± 0.016 mW K~ 2 
cm -1 , with a = 2.24. This satisfies the Wiedemann- 
Franz law, kq/T = Lq/po, within 4%, which validates 
our method of extrapolating to T = 0. The same fit to 



the zero field data yields a negligible residual linear term, 
KQ /T = 0.001 ± 0.004 mW K -2 cm" 1 , with a = 2.27. 

We can obtain a value for k /T at H = without 
having recourse to any fitting or extrapolation, simply 
by assuming that the Wiedemann-Franz law is perfectly 
obeyed in the normal state (at 2 T). Given that this 
law is universally obeyed in all good metals, this is a 
very reasonable assumption. In Fig. 3b, the difference 
Ak/T = «/T(2T) - k/T(0) is plotted. The curve satu- 
rates below about 120 mK, to a value precisely equal to 
Lq/po (with po measured on the same crystal with the 
same contacts). Given our assumption that n e /T(2T) 

— Lq/pq, this implies that K e /T(0) = 0. The fact that 
Ak/T is constant below 120 mK means that k p is the 
same in the superconducting state (H = 0) and normal 
state (H = 2 T). This indicates that electron-phonon 
scattering is weak in this bad metal, and it only be- 
comes significant as T is increased (accounting for the 
drop in Ak/T at high T). By plotting Ak/T = «/T(2T) 

- k/T(H) and using the same analysis, kq/T in fields be- 
tween and 2 T is obtained. The field dependence of 
kq/T is plotted in Fig. 3c (from which we see that the 
bulk H c2 (0) « 0.55 T). The raw data of k/T at 60 mK 
is also shown. 

Order parameter symmetry. - The fact that there 
is no residual linear term in this layered conductor, i.e. 
that kq/T = 0, directly implies that there are no nodes 
in the gap - the gap is non-zero everywhere on the Fermi 
surface. This is strong evidence in favour of an order 
parameter with s-wave symmetry. For unconventional 
superconductors with nodes in the superconducting gap, 
the nodal quasiparticles will contribute a finite kq/T in 
zero field. For example, kq/T — 1.41 mW K~ 2 cm -1 for 
the overdoped cuprate T12201, a d-wave superconductor 
with T c = 15 K pi], and k /T = 17 mW K~ 2 cur 1 for 
the ruthenate Sr2Ru04, a p-wave superconductor with 
T c = 1.5 K [3]. The size of kq/T is determined by the 
ratio of quasiparticle velocities parallel (i>a) and perpen- 
dicular (vp) to the Fermi surface near the nodes [17l.lla|. 
For a two dimensional d-wave superconductor with a gap 
maximum Ao and a density of n planes per unit cell of 
height c one gets [3] 



kq ks n vf 

f~ ~ "IT c KF Aj 



(1) 



assuming vp 3> «a, where fcp is the Fermi wavevector. 
Applying this formula to cuprate superconductors works 
quantitatively very well 3, 2(|. Using values appropri- 
ate for Cu x TiSe2, namely v F = 0.4 eVA [HI], k F ~ 0.5 A 
[IH, and A = 2.14 k B T c = 0.51 meV, Eq. 1 gives k /T 
— 2.4 mW K -2 cm -1 . This estimate is several orders 
of magnitude larger than the error bar on the measured 
kq/T. Therefore we can rule out unconventional super- 
conductivity with nodes in Cuo.o6TiSe2- Instead, we find 
that the superconducting state of Cu 2 ,TiSe2 is character- 
ized by a fully gapped excitation spectrum, which most 
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FIG. 4: Normalized residual linear term Ko/T of Cuo.o6TiSe2 
plotted as a function of H/H C 2- For comparison, similar data 
are shown for the clean s-wave superconductor Nb [22], the 
dirty s-wave superconducting alloy InBi [53], the multi-band 
s-wave superconductor NbSe2 [12] and an overdoped sample 
of the d-wave superconductor Tl-2201 [l5l ]. 



likely implies an order parameter of s-wave symmetry. 

Single-gap superconductivity. — In Fig. 4, the nor- 
malized kq/T of Cuo.o6TiSe2 is plotted as a function of 
H/H C 2, together with similar low-tem per ature data for 
the clean s-wave superconductor Nb [22j], the dirty s- 
wave superconducting alloy InBi [23[, the multi-band s- 
wave superconductor NbSe2 [12] and an ove rdop ed sam- 
ple of the d-wave superconductor Tl-2201 [15j. For a 
clean type-II s-wave superconductor with a single gap, 
k should grow exponentially with field (above i? c i), as 
is indeed observed in Nb [22j. For InBi, the curve is 
exponential at low H, crossing over to a roughly linear 
behaviour closer to H C 2 as expected for s-wave super- 
conductors in the dirty limit [24|. A very similar be- 
haviour was found recently in the layered superconductor 
CgYb, whose s-wave gap was confirmed by penetration 
depth measurements (see Ref. 



251] ) . However, the ther- 



mal conductivity of multi-band s-wave superconductor 
NbSe2 [IH shows a distinctly different field dependence. 
In the multiband scenario, gaps of different magnitudes 
are associated with different bands. Applying a field 
rapidly delocalizes quasiparticle states confined within 
the vortices associated with the smaller gap band, while 
those states associated with the larger gap band delocal- 
ize more slowly. This gives rise to the rapid increase in 
k at low fields [3 evident in the NbSe2 data []3 and 



in the archetypal multi-band superconductor MgB2 27 1 . 
Quantitatively, at H — H c2 (0)/9, k /T in NbSc 2 has 
already risen to 1/4 of its normal-state value, while it 
is still negligible in a single-gap s-wave superconductor. 
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This was explained in terms of a gap Ao(T — > 0) whose 
magnitude on one part of the Fermi surface is 3 times 
smaller than elsewhere (given that H c2 (0) oc A 2 ,). 

From Fig. 4, it is clear that Cuo.o6TiSe2 is differ- 
ent from the multi-band superconductor NbSe2, and 
more likely a dirty single-gap s-wave superconductor 
such as InBi. The BCS coherence length £o ~ 290 A 
has been estimated from the Fermi velocity 2l|. To 
check if Cuo.o6TiSe2 is indeed in the dirty limit I < £o> 
we calculate the electronic mean free path I using the 
normal state thermal conductivity kn, specific heat c, 
and Fermi velocity Vf- Since kn — (1/3)cvfI, we get 
I — 3(kn /T)/ (jvf), where 7 = c/T is the linear specific 
heat coefficient. With kn/T = 0.355 mW K" 2 cm" 1 , 
7 = 3.5 mJ mol^K" 2 [1], and v F = 0.4 eVA [IK], we 
obtain I ~ 19 A, one order of magnitude smaller than £o- 
This confirms Cuo.o6TiSe2 to be in the dirty limit. 

To explain the difference between the single-gap super- 
conductivity of lT-Cu x TiSe2 and the multi-band super- 
conductivity of 2iJ-NbSe2 , let us compare their electronic 
band structures. High-resolution ARPES measurements 
on 2iJ-NbSe2 ll| have shown two groups of Fermi sur- 
face (FS) sheets: a small, holelike FS centered at the 
T point derived from the Se Ap band and larger hexag- 
onal FS sheets around T(A) and K(H) points derived 
from Nb Ad bands. Two slightly different superconduct- 
ing gaps were found on the Nb Ad FS sheets, A = 1.0 and 
0.9 meV respectively, while no gap was detected on the 
Se Ap FS sheet [llj], at the relatively high measurement 
temperature of 5.3 K = 0.74 T c , in agreement with the in- 
terpretation of the k data mentioned above. It is believed 
that the density of states and electron-phonon coupling 
in the Se Ap band are both smaller than in the Nb Ad 
bands, which explains the difference in the magnitude of 
the superconducting gaps on different Fermi surfaces of 
2#-NbSe 2 . 

Previously the Se Ap band in pure lT-TiSe2 has been 
shown to be slightly unoccupied around T [6|], thus a 
small hole pocket as in 2ff-NbSe2- The Ti 3c? band is 
only thermally occupied at room temperature and con- 
siderably shifts towards the occupied range upon cool- 
ing 0. Very recently two groups have reported system- 
atic ARPES studies of lT-Cu 2; TiSe2 0, EH to explain 
the "competition" between CDW and superconductivity. 
Zhao et al. [28| found that, with Cu doping, the elec- 
trons will fill in the Se Ap hole pocket quickly and most of 
them are filled in the narrow Ti 3d band. Since the Se Ap 
band is fully occupied in lT-Cuo.o6TiSe2, there is only Ti 
3d band responsible for superconductivity. This explains 
why lT-Cuo.o6TiSe2 is a single-gap superconductor, dif- 
ferent from the multi-band superconductor 2ii-NbSe2. 

Based on their study, Zhao et al. [28| concluded that 
the apparent "competition" between CDW and super- 
conductivity in lT-Cua;TiSe2 is very likely a coincidence, 
as the doping will increase the density of states (enhance 
SC) and raise the chemical potential (suppress CDW ac- 



cording to the excitonic mechanism originally proposed 
by Kohn (2i|) simultaneously. And the drop of supercon- 
ductivity at high doping might be due to strong scatter- 
ing caused by the dopants. In this sense, it may not come 
as a surprise that we observe conventional superconduc- 
tivity in this system. In other words, the appearence of 
superconductivity may have little to do with the suppres- 
sion of CDW order and associated fluctuations. 

In summary, we have used thermal conductivity to 
clearly demonstrate single-gap s-wave superconductivity 
in Cuo.o6TiSe2- This rules out unconventional supercon- 
ductivity with gap nodes in Cu2;TiSe2, despite the quan- 
tum phase transition from CDW order to superconduc- 
tivity induced by Cu doping. In contrast to the multi- 
band s-wave superconductor NbSe2, our result implies 
that the Se Ap band in Cuo.o6TiSe2 is below the Fermi 
level and only the Ti 3d band is responsible for super- 
conductivity, in agreement with ARPES studies. 
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